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49 Abstract50 Deep-sea benthic communities depend on the export of organic matter (OM) 51 from the surface ocean. However, the effects of the pelagic-benthic coupling and the 52 specific link between changing seasonal OM inputs and physiological changes of the 53 mega-benthic community remain unclear. In this study, we identified differences in 54 OM quality and quantity at two abyssal seafloor sites in the western Pacific Ocean 55 and noted possible links between overlying primary production and the lipid 56 composition of several deep-sea holothurian species. Phytopigment concentrations of 57 the surface sediment were up to 16-times greater at the high productivity area (39ºN) 58 than at the oligotrophic area (1ºN). Total carbohydrate and protein concentrations 59 were also significantly higher at 39ºN than 1ºN, although to a lesser extent than for 60 phytopigments. Holothurian abundances were almost 40 times higher at 39ºN than 1º 61 N. Significant differences were detected in the fatty acid (FA) compositions of the 62 holothurian tissues in terms of proportions of the main food source indices 63 (phytoplankton, zooplankton and bacterial FA), suggesting different food sources in 64 the two areas. Phytodetritus and bacteria were the most dominant dietary sources at 65 39ºN and 1ºN, respectively. Stable carbon and nitrogen isotopic compositions did not 66 contradict the FA data indicating that holothurians fed on both phytodetritus and 67 bacteria from the sediments.68 Overall, our results show that high densities of abyssal holothurians at 39ºN is 69 linked with the high quality of the sedimentary OM associated with the net primary 70 production at the surface. Further, the differences in phytodetritus inputs may lead to 71 a different lipid composition as a consequence of different feeding habits, although 72 there may be some other mechanisms behind. This study provides fundamental 73 knowledge on lipid compositions of abyssal holothurians in relation to oceanic 74 settings, thus improves our understanding of the ecosystem functioning in abyssal 75 plains.76777879808182
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8384 1. Introduction8586 The deep-sea floor has one of the highest levels of biodiversity on Earth and 87 its maintenance is essential to ecosystem stability (Loreau & Mazancourt, 2013; 88 Tilman et al., 2014). Pelagic and benthic communities in almost all deep-sea habitats 89 feed on organic matter (OM) sinking through the water column from the euphotic 90 zone (Smith et al., 2008; Danovaro et al., 2014). Although most OM is consumed in 91 the water column before reaching deep-sea sediments, the vast area of the ocean floor 92 means that the deep sea is of global importance for carbon, nitrogen and phosphorus 93 cycling (Dell’Anno et al., 2005). Thus, variations in food supply to the seafloor in 94 space and time are major drivers of change in deep-sea ecosystems and subsequent 95 biogeochemical cycles (Ruhl and Smith, 2004). It has been shown from long-term 96 deep-sea sediment traps and benthic camera studies in the Pacific and Atlantic Oceans 97 that decadal-scale climatic change can modify the ecosystem structure and function of 98 deep-sea communities through changes in particulate organic carbon (POC) fluxes to 99 the seafloor (Ruhl and Smith, 2004, Smith et al., 2009), altering patterns of diversity 100 and ecosystem functioning. However, the relative importance of food supply, and 101 whether all taxa respond in the same way, has been difficult to determine, because 102 environmental drivers change at different rates across regions and oceans. 103 Understanding the way this detrital food resource is allocated to different 104 physiological functions within a species, may explain why seasonal fluxes play a 105 crucial role in the structure of the benthic community via benthic-pelagic coupling.106 Holothurians are megafaunal organisms that play a key role in most abyssal 107 soft sedimentary environments, dominating megafaunal abundance and biomass 108 (Sibuet et al., 1982; Billett, 1991; Roberts et al., 2000, Amaro et al., 2010, 2015). 109 They are major consumers of phytodetrital OM being responsible in rapidly depleting 110 OM in abyssal sediments (Bett et al., 2001; de Leo, et al., 2010). Through deposit 111 feeding and sediment reworking, they mostly affect the availability and composition 112 of food to other benthic organisms (Smallwood et al. 1999, Ginger et al. 2001, 113 Witbaard et al. 2001, McClain and Barry, 2010), which can lead to major impacts into 114 the ecosystem (Huffard et al., 2016). Shifts in abyssal holothurian populations have 115 been related to changes in phytoplankton assemblages at the surface and with the 116 quantity and quality of POC fluxes to the seafloor (Wigham et al., 2003; Ruhl and 
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117 Smith, 2004; Smith et al., 2006, 2008; Billett et al., 2010, Wolff et al., 2011, Amaro et 118 al., 2015). According to Smith et al., (2008), such changes will then affect the 119 structure and function of deep-sea ecosystems, making them potential indicators of 120 climate change of the deep sea and carbon remineralization processes (Glover et al., 121 2010). It is therefore important to know how abyssal holothurian feeding habits 122 differs between species and POC fluxes.123 Lipids are useful biomarker tools in understanding food sources of deep-sea 124 organisms (Ginger et al. 2001). They are key biochemical components, being 125 functionally involved in energy storage (fatty acids-FA as triacylglycerides; TAG) 126 and cell membrane components (FA as phospholipids, sterols), as well as in hormonal 127 regulation (steroids). FA are particularly useful biomarkers for identification of 128 macro- and microplankton species and their contribution to animal diets (Sargent et 129 al. 1987, Virtue et al. 2000, Ginger et al., 2001, Neto et al., 2006, Drazen et al., 2008, 130 Jeffreys et al., 2009, Parzanini et al., 2018). The method has been widely used and 131 consequently there is a large database of lipid components taken from pure strains of 132 many marine unicellular organisms including phytoplankton and zooplankton (e.g. 133 Sargent et al. 1987, Parrish et al., 2000, Parzanini et al., 2018). By investigating lipid 134 compositions of abyssal holothurians, we can understand their possible food sources 135 (i.e., OM from oceanic surface, zooplankton which consume phytoplankton, or 136 bacteria inhabiting in sediments), thus allowing detailed understandings on the 137 importance of holothurians in the ecosystem functioning, as surface-deposit feeders.138 The present study was carried out at two abyssal stations in the western Pacific 139 to test whether there is a potential link between the lipid biochemistry of deep-sea 140 holothurians and the differences in OM supply, influencing holothurian nutritional 141 ecology and, consequently, ecosystem functioning. For that, we investigated several 142 abyssal holothurians species from 2 abyssal sites to determine their fatty acid 143 compositions and we measured the biochemical composition (total organic carbon, 144 total nitrogen and their isotopic composition) and the quality of the OM in the 145 sediment (in terms of proteins, carbohydrates and lipids). Furthermore, to complement 146 our lipid analyses, we estimated their trophic status by means of stable carbon and 147 nitrogen isotopes at the two abyssal stations.148149 2. Material and Methods150
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151 2.1 Study sites 152 Sediment and holothurian samples were collected from two abyssal stations of 153 the western Pacific Ocean with varying OM fluxes. The site 1ºN is located northeast 154 from the Ontong Java Plateau, while 39ºN is located at the seaward side of the Japan 155 Trench (Figures 1 and 2). There were no apparent topographical depression or hills 156 around the study sites. The two areas have differences in surface primary production 157 based on the satellite images 158 (https://neo.sci.gsfc.nasa.gov/view.php?datasetId=MY1DMM_CHLORA); annual net 159 primary production at 1ºN and 39ºN in each sampling year (2013 for 1ºN and 2014 160 for 39ºN: see details for section 2.2. and 2.3.) was 106 g C m-2 year-1 and 324 g C m-2 161 year-1, respectively. The POC fluxes to the seafloor were calculated as 485 mg C m-2 162 y-1 and 1086 mg C m-2 yr-1 at 1ºN and 39ºN, respectively, based on seasonality in 163 primary production and water depth (Lutz et al., 2007). Net primary production (NPP) 164 showed a strong seasonality at 39ºN in comparison to 1ºN. The NPP at 39ºN ranged 165 from 278 mg C m-2 d-1 in January to 2585 mg C m-2 d-1 in April, while those in 1ºN 166 ranged 175 mg C m-2 d-1 in November to 412 mg C m-2 d-1 in April (Behrenfeld and 167 Falkowski, 1997, 168 http://www.science.oregonstate.edu/ocean.productivity/index.php). Based on the 169 observation of sediment cores collected during the cruises, surface sediments of 1ºN 170 consisted of red clay and planktonic foraminiferal tests, whereas at 39ºN consisted of 171 diatomaceous ooze (Nomaki, H. unpublished data).172173 2.2 Seafloor observations and megafauna quantification174 Megafaunal abundances were estimated using the video images collected 175 during R/V Yokosuka YK13-09 and YK13-12 cruises in September and November 176 2013 (1ºN), and the YK14-12 cruise in July 2014 (39ºN). In total, five independent 177 transects were made using the manned submersible Shinkai 6500 (Table 1). Due to 178 sampling logistics other than video surveys, the surveyed area during dive#1395 at 179 39ºN was very limited, leading to a narrower observation area than 1ºN. The surface 180 area of the seafloor images observed by the fixed camera of Shinkai 6500 was 181 calculated following the method described by Nakajima et al. (2014). In brief, the 182 camera view angle and camera tilt were fixed for all images and the altitude and tilt of 183 the Shinkai 6500 were obtained from dive metadata and calculated for each 10-second 184 period. Images with poor resolution and not suitable for identification were discarded 
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185 (Nakajima et al. 2014). Total megafauna and holothurians were counted and their 186 density (ind. ha-2) was determined by dividing the total number of individuals counted 187 on each transect by the total transect area annotated for that sampling period.188189 2.3. Holothurians and sediment sampling190 Four holothurian species observed in video images, namely Deima validum, 191 Psychropotes longicauda, Pseudostichopus trachus and Scotoplanes globosa were 192 collected using a suction sampler attached to the Shinkai 6500 submersible (Table 2). 193 Psychropotes longicauda was collected from both 1ºN and 39ºN while the other  194 species were only collected from a single site, because they only occurred at either 195 1ºN or 39ºN (see section 3.1 for more detail).196 All organisms were returned to the ship inside the bio-box attached to the 197 sample basket or in the rotated containers connected to the suction sampler. Only 198 intact animals were selected for the lipid and isotope studies. Once the submersible 199 was back on board, the specimens were placed immediately in a temperature-200 controlled laboratory (4ºC). Each specimen was dissected in a sterilized petri dish 201 using sterilized spatulas. After dissection, body wall samples were stored in clean, 202 aluminum foil-wrapped, pre-weighed petri dishes at -80ºC. In the laboratory samples 203 were freeze-dried (-60ºC; 10-2T; 24 h) and then frozen in liquid nitrogen and ground 204 to a coarse powder with a pestle and mortar, and finally stored (-20ºC) prior to 205 analysis.206 Undisturbed sediment samples were collected with push cores (n = 3 at each 207 station) fitted with 82 mm inner diameter core tubes. Upon recovery, all cores were 208 sliced at 1 cm depth intervals down to 5 cm depth and frozen at –80ºC until analysis. 209 Only the surface 1 cm of sediments were analysed for biochemical compositions in 210 this study. 211212 2.4 Lipid Analysis213 Methods for analysis of lipids have been described in detail elsewhere 214 (Kiriakoulakis et al. 2001, Neto et al., 2006, Jeffreys et al., 2009). Briefly, separate 215 aliquots of freeze-dried holothurian tissue material (0.5-1 g) were spiked with a 216 known amount of the internal standard (5 (H)-cholestane), extracted by sonication (3 217 x 15 min; dichloromethane:methanol 9:1) and methylated (methanolic acetyl chloride; 218 Christie 1982). Gas chromatography-mass spectrometry (GCMS) analyses were 
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219 carried out on the silylated (bis-trimethylsilyltrifluoroacetamide; BSFTA, 1 % TMS; 220 30-50 μL; 40°C; 0.5-1 h), methylated total extracts using a Trace 2000 Series gas 221 chromatograph (on-column injector; fused silica high temperature column, 60 m × 222 0.25 mm i.d.; 0.1 μm film thickness, 5 % phenyl/95 % methyl polysiloxane equivalent 223 phase, DB5-HT, J&W; carrier gas helium at 1.6 mL min-1), coupled with a 224 Thermoquest Finnigan TSQ7000 mass spectrometer (ionisation potential 70 eV; 225 source temperature 215°C; trap current 300 μA). All analyses were processed using 226 Xcalibur software. Identification of lipid compounds were performed by the 227 comparison of the retention times and mass fragmentation patterns of known lipid 228 compounds. Quantitative data were calculated by comparison of peak areas of the 229 internal standard with those of the compounds of interest, using the total ion current 230 (TIC) chromatogram. The relative response factors of the analytes were determined 231 individually for 36 representative FA, sterols and alkenones using authentic standards. 232 Response factors for analytes where standards were unavailable were assumed to be 233 identical to those of available compounds of the same class (Kiriakoulakis et al. 2004, 234 Neto et al., 2006).235 For the interpretations and statistical analyses, individual lipids were grouped 236 into principal classes, i.e. mono-unsaturated FA (MUFAs), polyunsaturated FA 237 (PUFAs), saturated fatty acid methyl esters (Sat._FAMEs), sterols and alcohols. 238 Lipid indices for potential food sources were calculated following 239 Kiriakoulakis et al. (2011) as such, phytoplankton FA being the sum of C22:6, C20:5 per 240 total lipids (Harwood & Russel, 1984; Bergé & Barnathan, 2005; Duineveld et al., 241 2012, zooplankton FA is the sum of C20:1, C22:1, C24:1 per total lipids (Dalsgaard et al., 242 2003, Kiriakoulakis et al., 2004, Bergé & Barnathan, 2005) and bacterial FA is the 243 sum of odd-numbered saturated and branched FA (Meziane & Tsuchiya 2002, 244 Dalsgaard et al., 2003).245246 2.5. Total organic carbon, total nitrogen concentrations and their isotopic 247 compositions248 The holothurians and sediment samples used for total organic carbon (TOC) 249 and total nitrogen (TN) concentrations, and their carbon and nitrogen isotopic 250 compositions (δ13C, δ15N) were weighed into pre-cleaned silver capsules (Ogawa et 251 al. 2010). The samples were decalcified with 2 M HCl followed by drying on a hot 252 plate (60ºC). Dried silver capsules containing decalcified samples were sealed into 
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253 pre-cleaned tin capsules prior to isotopic analysis. Carbon and nitrogen isotopic 254 composition along with TOC and TN content were analysed using an elemental 255 analyzer (Flash EA 1112, Thermo Fisher Scientific, USA) coupled to an isotope ratio 256 mass spectrometer (Delta plus Advantage, Thermo Fisher Scientific, USA) via a 257 ConFlo IV interface (Thermo Fisher Scientific, USA). The standard deviations of 48 258 analyses of L-glutamic acid standards (USGS40 and USGS41, U. S. Geological 259 Survery, USA) were 0.09 ‰ and 0.18 ‰ for δ13C and δ15N, respectively.260261 2.6. Biochemical composition of the sedimentary OM 262 Protein, carbohydrate and lipid contents of the surface 1 cm sediments were 263 determined spectrophotometrically, and concentrations were calculated from 264 calibration curves of serum albumin, D-glucose and tripalmitine equivalents, 265 respectively, and normalised to sediment dry weight (Danovaro, 2010). For each 266 compound, blanks were obtained using pre-combusted sediments (450ºC for 4 h). All 267 analyses were performed on three replicates, with approximately 0.2–1 g of wet 268 sediment per sample. Biopolymeric carbon was defined as the sum of the carbon 269 equivalents of total carbohydrates, proteins, and lipids (using conversion factors of 270 0.40, 0.49, and 0.75, respectively) and is reported as the fraction of total organic C 271 potentially available to benthic consumers (Pusceddu et al., 2009; Danovaro et al., 272 2014). The concentrations of sedimentary chlorophyll-a and phaeopigments were 273 determined spectrophotometrically or spectrofluorometrically, according to standard 274 protocols (Danovaro, 2010), and their sum referred to as total phytopigment 275 concentrations. 276277 2.7 Statistics278 Differences between deep-sea holothurians in tissue samples from the 2 279 regions with respect to lipid classes were tested by multivariate analysis of similarities 280 (ANOSIM) using PRIMER 6+ software. Differences between deep-sea holothurians 281 from the 2 regions with respect to lipid concentrations as well as diagnostic indices 282 were investigated by a distance-based permutational multivariate analysis of variance 283 (PERMANOVA, Anderson, 2001; McArdle and Anderson, 2001). PERMANOVA 284 was carried out using the PERMANOVA package included in the Primer 6+ software. 285 These analyses were based on Euclidean distances of normalized data using 4999 286 random permutations of the appropriate units and with fourth root-transformed values 
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287 (Anderson and Ter Braak, 2003). The contribution of variables (lipid index) to the 288 total dissimilarity between regions and similarity in each region was determined using 289 SIMPER.290 The measurements from the different sediment and tissues of the holothurians 291 between the regions were most likely dependent on one another, thus hampering the 292 application of parametric ANOVA tests, differences in C:N ratios of the sediments 293 and in the tissues of the holothurians between the regions were separately investigated 294 by means of non-parametric Kruskal-Wallis analyses of variance. All statistical tests 295 were conducted using SPSS 21.0 software.296297 3. Results298 3.1 Sedimentary OM quantity and quality 299 Although OM quantity (TOC and TN concentrations) of the surface sediments 300 did not show significant differences (p< 0.005) between 1ºN and 39ºN (Table 3), 301 there are large differences in OM quality between the two areas, which is indicated by 302 both C/N ratios of sedimentary OM and in concentrations of biopolymeric compounds 303 (lipids, proteins, and carbohydrates) (Figure 3). Phytopigment concentrations ranged 304 from 0.005 ±0.001 mg g-1 at 1ºN to 0.0473 ±0.010 mg g-1 at 39ºN, whereas protein 305 concentrations ranged 0.8 ± 0.2 mg g-1 at 1ºN to 2.7 ± 0.3 mg g-1 at 39ºN (Figure 3A). 306 Total carbohydrate ranged from 2.06 ± 0.2 mg g-1 at 1ºN to 4.36 ± 0.6 mg g-1 at 39ºN 307 and lipid concentrations ranged from 0.2± 0.1 mg g-1 at 1ºN to 0.7 ± 0.1 mg g-1 at 308 39ºN (Figure 3A). The contribution of carbohydrates to the total biopolymeric C was 309 higher at 1ºN (61.3 ± 3.7 %) than at 39ºN (48.6 ± 0.1 %), while that of proteins and 310 lipids was higher at 39ºN (36.5 ± 0.6 % for proteins and 14.9 ± 0.5 % for lipids) than 311 at 1ºN (27.9 ± 1.8 % for proteins and 10.9 ± 1.9 % for lipids) (Figure 3B). 312313 3.1 Video surveys314 Megafaunal density was ~40 times higher at 39ºN than 1ºN (an average of 315 54.5 ± 27.4 ind. per ha in 1ºN and 2144.4 ± 593.4 ind. per ha in 39ºN; Table 4). For 316 both areas, holothurians were the dominant megafaunal group accounting for 70.9 ± 317 26.3% and 67.7 ± 3.8 % of total megafaunal communities for 1ºN and 39ºN, 318 respectively (Table 4). Due to the low quality of the video transects at 1ºN, it was not 319 possible to estimate each holothurian species abundance with confidence. Concerning 320 the holothurians sampled for this study, it was not possible to sample D. validum and 
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321 P. trachus at 39ºN and S. globosa at 1ºN, as they were absent along the dive transects 322 (Table 2). Other megafauna that were observed in video images, but not sampled were 323 Asteroidea, Actinaria, Gastropoda, Gorgonaria, Ophiuroidea, Echinoidea, Crinoidea 324 and Pennatularia.325326 3.2 Lipid compositions in holothurian tissue327 There were no qualitative variations in sterol and fatty acid composition 328 between different sampling transects at the same station. Thus, data are presented 329 separately for 1ºN and 39ºN as means with respective standard deviations for each 330 site. 331 Among lipid compounds of holothurians (Table 5 a, b), sterols dominated the 332 total extracted lipids at 1ºN, accounting for 84.25 ±2.00% in D. validum, 36.99 ± 333 16.74% in P. longicauda and 63.98 ± 28.60% in P. trachus of total lipids, whereas at 334 39ºN, they accounted for 48.23 ± 19.73% in S. globosa and 90.03 % of total lipids in 335 P. longicauda (Table 5 a,b, Appendix S1,2 Table a-d). n-Alcohols contributed less 336 than 1% to the total lipid pool. Differences between deep-sea holothurians in tissue 337 samples from the 2 regions with respect to lipid classes were tested. 39ºN was 338 significantly different in terms of lipid classes composition to 1ºN (ANOSIM, 339 R=0.153, p=0.004). 340 At both 1ºN and 39ºN, FA ranged in carbon numbers from 14 to 25, with the 341 dominant saturated FA being C14, C16 and C18 (Appendix S1 and S2). MUFAs were 342 dominated by the C16:1, C20:1, C21:1, C23:1 and C24:1 compounds. PUFA distributions 343 were dominated by C20:5 and C20:4, which were the most abundant FA in all species. 344 C20:4 dominated 1ºN with 6.0 ± 1.5%, 8.6 ± 6.8% and 12.0 ± 8.7 % for D. validum, P. 345 longicauda and P. trachus respectively, whereas at 39ºN, C20:5 dominated the fatty 346 acid profile with 9.5 ± 7.5% and 3.4% for S. globosa and for P. longicauda 347 respectively (Appendix S1 and S2). As for the sterols, the most abundant included C27348 Δ7 and C29Δ0 at both 1ºN and 39ºN, the latter being the most abundant. 349 Average values of the diagnostic lipid indices (Kiriakoulakis et al., 2011, 350 Duineveld et al., 2012) in the holothurians tissues at 1ºN and 39ºN are shown in 351 Figure 4. Bacteria-index FA dominated holothurian FA at 1ºN, particularly for P. 352 longicauda and P. trachus. On the other hand, phytoplankton-index FA dominated 353 holothurian FA at 39ºN, both for S. globosa and P. longicauda even though only one 354 specimen was examined for P. longicauda. The MDS ordination plot did show a clear 
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355 separation between centroids corresponding to indices and regions (Figure 5). 356 Differences in these indices between the regions were tested with the PERMANOVA, 357 which demonstrated to be significantly different (MS=46.515, pseudo-F=8.809, 358 p<0.001, full details are reported in Appendix S3 a). The dissimilarity between the 359 regions was explained by a higher value of the phytoplankton lipid index in 39ºN, 360 while the bacterial lipid index explained the similarity between the holothurian tissues 361 (Appendix S3 b, 3c).362363 3.4 Stable isotopic compositions and C/N ratios the holothurians364 Stable isotope ratios did not contradict the holothurian feeding habits 365 suggested by the FA compositions. At 1ºN, δ13C and δ15N values were -19.40 ± 0.27 366 ‰ and 12.10 ± 0.42 ‰ for sediments and -16.90 ± 0.81 ‰ and 16.37 ± 0.38 ‰ for 367 averaged holothurians, while at 39ºN, δ13C and δ15N values were -20.78 ± 0.11‰ and 368 6.84 ± 0.30 ‰ for sediments and -16.13 ± 0.25 ‰ and 10.50 ± 0.86 ‰ for 369 holothurians (Figure 6). For both regions, δ13C values of sediment had lower values 370 than holothurians, by 2.5‰ in 1ºN and 4.7‰ at 39ºN. As for δ 15N, holothurians 371 exhibited approximately 3.7‰ higher values than those of the sediments at both 1ºN 372 and 39ºN (Figure 6), which corresponds to approximately one trophic level 373 differences (Minagawa and Wada 1984). There was no substantial difference in δ15N 374 values between species collected at 1ºN, while P. longicauda had higher δ15N values 375 than S. globosa by 1.5‰ at 39ºN. The C/N ratios of the holothurians did not differ 376 significantly between species and both areas (Chi-square= 13.545, p<0.001, full 377 details are reported in Appendix S3, Table d, Figure 7). 378379 4. Discussion380 In this study, we investigated the bioavailability of OM in deep-sea sediments 381 of two regions of contrasting primary production and discuss their effect on the lipid 382 composition of a range of abyssal holothurians. 383384 4.1. Sediment OM quantity and quality385 We first examined the labile portion of the OM in the sediment, as possible 386 energy sources for the holothurians, consisting of proteins, carbohydrates and lipids  387 (Danovaro et al. 2001; Amaro et al., 2010). For both regions, OM in the sediment is 388 composed mainly by carbohydrates, followed by proteins and lipids (Figure 3A). The 
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389 contribution of carbohydrates to the total biopolymeric C was higher at 1ºN than at 390 39ºN, while that of proteins and lipids was higher at 39ºN than at 1ºN  (Figure 3B). 391 Although carbohydrate concentrations were higher than proteins at 39ºN, the 392 sedimentary protein concentrations were almost 2-fold higher than at other abyssal 393 plains (i.e. Porcupine Abyssal Plain-PAP) (Danovaro et al., 2001). In other studies, 394 the availability of proteins in deep-sea sediments was even lower than at the PAP 395 (Sibuet, 1984; Pfannkuche and Thiel, 1987; Danovaro et al., 1993; Boetius et al., 396 1996; Tselepides et al., 2000), being in the same range as for the sediment in 1ºN.  397 These differences in sedimentary protein can be explained by the higher 398 concentrations of fresh OM supply, as indicated by phytopigment being 16-times 399 greater at 39ºN than in 1ºN (Figure 3A) and the presence of high concentrations of 400 carbohydrates. These high concentrations of labile OM in sediment is caused by high 401 OM flux to the seafloor and subsequent bioturbation of recently sedimented OM by 402 both macro-and-megafauna (Jumars et al., 1990), which were also abundant at 39ºN 403 (Table 3), although the burial process is not examined in this study. The significantly 404 higher C/N of sedimentary OM in 39ºN (Table 3) could be due to higher proportion of 405 carbohydrates, which are N-poor. This contradicts conventional wisdom (Meyers, 406 1994) with respect to OM quality and C/N, as typically higher values of the latter are 407 considered to be indicative of lower quality and this is not the case here. Although the 408 differences could also be due to sampling during different seasons (the sampling at 409 1ºN was during September and November and at 39ºN was during May and July), 410 NPP at the surface ocean at 39ºN is always higher than at 1ºN 411 (https://neo.sci.gsfc.nasa.gov/view.php?datasetId=MY1DMM_CHLORA), so the 412 sedimentary OM likely integrates these differences. We need further characterization 413 of the OM of deep-sea sediments to evaluate the relationships between C/N ratios and 414 OM quality.415416 4.2. Holothurian food sources inferred from lipid compositions417 In this study we estimated very high abundances of abyssal holothurians at 418 39ºN (1433.8 ± 593.4 ind./ha), while at 1ºN the densities were low (40.2±27.4 419 ind./ha) (Table 4). OM quality followed the same gradient, in particular for 420 phytopigments (as discussed in section 4.1.). For comparison, at station M (Northeast 421 Pacific), holothurian densities were reported to increase from very low (0-19 ind./ha) 422 to very high numbers (11627 ind./ha) during a period of high food availability 
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423 (Huffard et al., 2016). Thus, we suggest that also here, high densities of abyssal 424 holothurians at 39ºN is linked with the high quality of the sedimentary OM associated 425 with the net primary production at the surface. 426 At the deep-sea floor, it might be expected that with changes in food 427 source/quality, the biochemical composition of holothurians could change, for 428 example in build-up of labile FA and other compounds at times of high (seasonal) 429 supply. In the present study, the extracted lipids of all holothurian species were 430 dominated by sterols. As for the FA, PUFAs and MUFAs comprise different and 431 variable proportions between species. Lipid classes were significantly different 432 between the two regions studied (see Table 5, Appendix S1 and 2, Table a-d). In 433 marine environments, PUFAs are indicators of fresh labile OM and they are thought 434 to mainly derive from phytoplankton (e.g., Parrish et al. 2000, Kiriakoulakis et al., 435 2007). Diatoms, which biosynthesise mostly C20:5 (Volkman et al. 1989) and 436 dinoflagellates, which produce more C22:6 (Sargent et al. 1987; Harvey et al. 1988) are 437 the main source of PUFAs in the phytoplankton. Here, concentrations of the main 438 indices were significantly different in the two regions studied (Appendix S3 a), being 439 phytoplankton FA index is responsible for these differences (Appendix S3 b).  440 According to Kharlamenko et al. (2018), the relationship between the ratio of 441 20:5/20:4 and the trophic position of the organisms can be also informative for trophic 442 studies as 20:5 is an index of fresh OM. In this study, all the holothurians analysed at 443 39ºN had a larger ratio  (1.7 ± 1.6 for S. globosa and 7.2 for P. longicauda) than at 444 1ºN (0.3 ± 0.3 for D. validum, 0.2 ± 0.3 for P. longicauda and 0.03 ± 0.02 for P. 445 trachus). This is in agreement with our previous conclusions that more labile OM 446 supply at 39ºN is linked to high surface productivity. 447 Likewise, the presence of cholesta-, sitosta- and stigmasta-type (C27, C28 and 448 C29), sterols together with 4 -methylcholestanol and its derivatives in S. globosa at 449 39ºN are also consistent with an origin from direct uptake of phytoplankton-derived 450 OM via deposit-feeding on freshly deposited material (Santos et al., 1994, Hudson et 451 al., 2004, Neto et al., 2006). The presence of a higher contribution of C29Δ0 and C29Δ452 5,22 in the muscle tissues of the holothurians (Table 5, Appendix S1, S2 c) reflects a 453 phytoplankton community diet origin, whereas the contribution of C27Δ 5 (and other 454 C27 sterols such as C27Δ 5,22 and C27Δ 22) and C28Δ 5,22 may reflect the dominance of 455 invertebrate dietary sterols, though C27Δ 5 may also be originated from de novo 456 synthesis by holothurians (Hernandez-Sanchez et al., 2010, 2012, Korb et al., 2010). 
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457 This suggests that the potential food source is different in the two areas, with 458 phytoplankton possibly being a more important food source for 39ºN than for 1ºN, as 459 it is indicated by the FA.460 Zooplankton carcases (remains) may also be a potential food source for the 461 holothurians. The presence of alcohols or FA (C20:1 and C22:1) in holothurian tissues at 462 both regions (Appendix S1 and S2) suggests that zooplankton carcasses or moults, 463 and/or macrofauna, as a part of dietary source. Although we cannot be absolutely 464 confident that these compounds are biosynthesized by zooplankton and not by deep-465 sea holothurians, their low concentrations in holothurians suggests that metazoan-466 derived OM is not their primary food source. 467 There were differences in bacterial FA concentrations both between species 468 and regions. At 1ºN, the bacterial index FA of D. validum suggested small proportions 469 for this potential food source, whereas P. longicauda and P. trachus had a much 470 higher bacterial index than phytoplankton and zooplankton indices. At 39ºN, bacterial 471 FA accounted for 13.9 ± 2.0 % in S. globosa, where for P. longicauda bacterial FA 472 accounted for only 2.4%. The same result can be seen in Appendix S3c, inferring that 473 the bacterial index can be responsible for the differences between the regions. 474 Bacterial biomarkers are commonly found in suspended POM (e.g., Kiriakoulakis et 475 al. 2001), as well in surface sediments (e.g., Nomaki et al. 2009) and so their presence 476 in high amounts in the holothurian tissue is unsurprising. Amaro et al. (2012) found 477 that ca. 40% of bacterial OTUs were associated uniquely with the gut contents (i.e., 478 absent in surrounding sediments) of Molpadia musculus, suggesting an occurrence of 479 wide and highly diversified interactions between prokaryotes and deep-sea 480 holothurians. Psychropotes longicauda was the species that showed the highest 481 percentage for bacterial FA at 1ºN. As this region is poor in fresh OM (Figure 4a), 482 this holothurian most likely feeds on relatively refractory OM in sediments and may 483 rely on microbial degradation and/or fermentation to break down the recalcitrant OM 484 as for Molpadia blakei at the PAP (Ginger et al., 2000). Nevertheless, it is not yet 485 clear whether these FA are dietary or symbiotic. Furthermore, the large differences in 486 relative abundances of bacterial FA between different species (Figure 4) infer that 487 they have different feeding habits or perhaps different association of microbial flora 488 in their gut. However, caution is needed for such an interpretation and it is 489 recommended to use these data qualitatively rather than quantitatively way estimating 490 the microbial contributions to the organic pools (Parrish et al. 2000, Kiriakoulakis et 
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491 al., 2005). 492 Due to logistical constraints, our comparative study between the regions 493 covered only a short period, and sampling could not be conducted in the same season, 494 nor at the same water depth. We were also unable to sample more holothurian species 495 to have a better statistical comparison for both regions. In addition, we need to be 496 careful in further interpreting our results, as biochemical responses of holothurians 497 also appear to depend on their feeding mode and rate of locomotion (Neto et al., 498 2006). Highly mobile surface deposit-feeding holothurians quickly utilize fresher 499 surface material, leaving larger, slower subsurface deposit feeders to consume more 500 degraded forms (Iken et al., 2001). As a result, these holothurians gain competitive 501 advantage over those that are restricted by slower locomotion, non-selective feeding 502 tentacle morphology and/or physiological limitations (Hudson et al., 2003; Iken et al., 503 2001; Neto et al., 2006; Wigham et al., 2003).  For example, S. globosa is a mobile 504 (Lafond, 1967; A. Smith et al., 1997) elasipodid holothurian, which results in a rapid 505 exploitation of horizontal patchiness in recently deposited, food-rich particles being 506 suggested to feed selectively (Miller et al., 2000). In contrast, P. longicauda and P. 507 trachus are big and not very mobile, feeding on more refractory material. These 508 behaviors may be reflected in the FA compositions, as phytoplankton FA proportions 509 are higher in S. globosa than at P. longicauda and P. trachus (Figure 4). Furthermore, 510 it would be expected to link seasonal input of fresh OM to a change in their body 511 composition by building-up of labile FA during the fresh material bloom. Thus, we 512 can suggest that this differential access to food leads to interspecific differences in 513 reproductive effort and ultimately abundance (Ramirez-Llodra et al., 2005), which 514 displays differences in their FA composition (Hudson et al., 2004). Some species 515 display a high degree of seasonal bentho-pelagic coupling, while others have different 516 fatty acids composition that may be related to a different reproduction behavior.  517 Caution is recommended to further interpretations.518519 4.3. Stable isotopic compositions of holothurians and sediments520 For both regions, the δ 13C enrichments between surface sediment (possible 521 food source) and holothurians were larger than 1 ‰. Isotopic fractionations of δ13C 522 are sometimes diverse (McCutchan et al. 2003), so the large differences in this study 523 may be also partly due to the variations that exist within species-specific or feeding-524 specific habit (Vander Zanden and Rasmussen 2001). Selective ingestion or digestion 
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525 of OM within sediment may also contribute to such high variability, as phytodetritus 526 or bacteria can have different δ 13C values from the bulk of TOC. The same 527 phenomena have already been reported in other studied areas (Michel et al., 2016, 528 Mincks et al. 2008).529  The higher δ 15N values of holothurians at 1ºN vs. 39ºN may reflect the 530 differences in that of surface sediments (Figure 6). The amplitude of δ15N-enrichment 531 in the holothurian tissue corresponds to ca. 1 trophic level (3 to 4‰) or slightly larger 532 from surface sediments, suggesting that, in both regions, holothurians primarily ingest 533 and digest these materials. Holothurian δ15N values did not differ between taxonomic 534 groups in either region, indicating that these organisms share the same trophic level 535 without any niche separation between taxa. At both 1ºN and 39ºN, the slightly larger 536 enrichment in δ15N (3 to 4‰) could reflect some degree of microbial-mediated OM 537 degradation. Whilst, studies have shown that some holothurians preferentially feed on 538 fresh OM (Billett, 1991, Smith et al., 1999, Smith et al., 2008, Amaro et al., 2010), 539 there is also evidence that they can feed on bacteria (Amaro et al., 2012) or on both 540 (Sibuet et al., 1982, Amaro et al., 2010). This assumption does not contradict the lipid 541 data presented here, which showed substantial contribution of bacterial FA in some 542 holothurian tissues (Figure 5). 543 There were no significant differences in C/N ratios between the holothurians’ 544 tissue when comparing the regions (Figure 7, Appendix S3, Table d). The C:N ratios 545 for the holothurians are in range for most marine invertebrates (Mincks et al., 2008, 546 Nomaki et al., 2008) being often species-specific and regulated by a species 547 physiology (Raubenheimer et al., 2004). 548 Despite the intrinsic limitations and constraints due to the difficulty in 549 working at abyssal depths, the results reported here suggest that changes in upper 550 ocean productivity, altering the quality and quantity of OM reaching the deep-sea 551 floor is associated with the high abundances of the megabenthos and a different lipid 552 composition. The variations in FA and sterol compositions between species and 553 regions may be linked to their feeding habits. However, processes other than just the 554 availability of fresh OM regulate the proportions of fatty acids in the tissues of deep-555 sea holothurians and some caution is needed on the interpretation of the data. 556 Although more work on how biochemical needs of deep-sea holothurians determine 557 dietary needs and how this changes temporally with OM quality and quantity; this 558 study improves our understanding into the ecosystem functioning in abyssal plains.
Amaro et al. Nutritional ecology of deep-sea holothurians
17
559560 ACKNOWLEDGEMENTS 561 This research was partially supported by Marie Curie Actions through the 562 project CEFMED (project number 327488), the Grant-in-Aid for Scientific Research 563 from the Ministry of Education, Culture, Sports, Science and Technology, Japan 564 (Scientific Research (C) grant number 24540504 to HN), and Council for Science, 565 Technology and Innovation (CSTI), Cross-ministerial Strategic Innovation Promotion 566 Program (SIP), "Next-generation technology for ocean resources exploration" (Lead 567 agency: JAMSTEC). The onboard scientists, officers and crews of RV Yokosuka and 568 SHINKAI 6500 are acknowledged for their help during the cruises. We also would 569 like to thank Dr Anu Patel and Dr Rachel Jeffreys for all the help provided in the 570 laboratory at Liverpool University, Dr Ryota Nakajima for all the area quantifications 571 in the video surveys and Dr Tomo Kitahashi for POC flux calculations. Roberto 572 Danovaro and Eugenio Rastelli acknowledge the support of the project MERCES 573 Marine Ecosystems Restoration in Changing European Sras (GA n 689518).574575 References576 Anderson, M. J., 2001. A new method for non-parametric multivariate analysis of 577 variance, Aust. J. Ecol., 26, 32–46.578579 Anderson, M. J. and Ter Braak, C. J. F., 2003. Permutation tests for multifactorial 580 analysis of variance, J. Stat. Comp. Simul., 73, 85–113.581582 Amaro, T., de Stigter, H., Lavaleye, M. & Duineveld, G., 2015. Organic matter 583 enrichment in the Whittard Channel (northern Bay of Biscay margin, NE Atlantic); its 584 origin and possible effects on benthic megafauna. Deep-Sea Research Part I 102:90-585 100.586587 Amaro, T., Luna, G.M., Danovaro, R., Billett, D.S.M. and Cunha, M.R., 2012. High 588 prokaryotic biodiversity associated with gut contents of the holothurian Molpadia 589 musculus from the Nazaré Canyon (NE Atlantic). Deep-Sea Research I 63: 82-90.590591 Amaro, T., Bianchelli, S., Billett, D.S.M., Cunha, M.R., Pusceddu, A, and Danovaro, 592 R., 2010. The trophic biology of the holothurian Molpadia musculus: implications for 593 organic matter cycling and ecosystem functioning in a deep submarine canyon. 594 Biogeosciences 7: 1-14. 595596 Behrenfeld, M. J. & Falkowski, P. G., 1997. Photosynthetic rates derived from 597 satellite-based chlorophyll concentration. Limnology and Oceanography 42, 1-20.598
Amaro et al. Nutritional ecology of deep-sea holothurians
18
599 Bergé, J.P. & Barnathan, G., 2005. Fatty acids from lipids of marine organisms: 600 molecular biodiversity, roles as biomarkers, biologically active compounds, and 601 economical aspects. Marine biotechnology I, 49-125.602603 Bett, B. J., Malzone, M. G., Narayanaswamy, B. E., & Wigham, B. D., 2001. 604 Temporal varability in phytodetritus and megabenthic activity at the seabed in the 605 deep northeast Atlantic. Progress in Oceanography, 50, 349–368.606607 Billett, D.S.M., Bett, B.J., Reid, W.D.K., Boorman, B., Priede, M., 2010. Long-term 608 change in the abyssal NE Atlantic: the ‘Amperima Event’ revisited. Deep-Sea 609 Research II 57, 1406–1417.610611 Billett, D. S. M., 1991. Deep-sea holothurians. Oceanography and Marine Biology, 612 29, 259–317.613614 Boetius, A., Scheibe, S., Tselipides, A, Thiel, H., 1996. Microbial biomass sand 615 activities in deep-sea sediments of the Eastern Mediterranean: trenches are benthic 616 hotspots Deep Sea Res 1, 43:1439-1460.617618 Dalsgaard, J., St John, M., Kattner, G., Muller-Navarra, D., Hagen, W., 2003. Fatty 619 acid trophic markers in the pelagic marine environment. Adv Mar Biol 46, 225-340.620621 Danovaro R, Snelgrove PV, and Tyler P, 2014. Challenging the paradigms of deep-622 sea ecology. Trends Ecol Evol 29, 465-475. 623624 Danovaro R, Company JB, Corinaldesi C, D'Onghia G, Galil B, Gambi C, et al., 625 2010. Deep-Sea Biodiversity in the Mediterranean Sea: The Known, the Unknown, 626 and the Unknowable. PLoS ONE 5(8): e11832. 627 https://doi.org/10.1371/journal.pone.0011832.628629 Danovaro, R.,  Dell'Anno, A., Fabiano, M., 2001. Bioavailability of organic matter in 630 the sediments of the Porcupine Abyssal Plain Mar. Ecol. Prog. Ser. 220, 25-32.631632 Danovaro, R., Fabiano, M., Croce, N.D., 1993. Labile organic material and microbial 633 biomasses in deep-sea sediments (East- ern Mediterranean Sea). Deep Sea Res 40, 634 953-965.635636 Dell’Anno, A., Danovaro, R., 2005. Extra-cellular DNA plays a key role in deep-sea 637 ecosystem functioning. Science 309 (5744), 2179.638639 de Leo, F.C., Smith, R.C., Rowden, A.A., Bowden, A.B., Clark, R.C., 2010. 640 Submarine canyons: hotspots of benthic biomass and productivity in the deep-sea. 641 Proc. R. Soc. B 277, 2577–258642643 Drazen, J.C., Phleger, C.F., Guest, M.A., Nichols, P.D., 2008. Lipid, sterols and fatty 644 acid composition of abyssal holothurians and ophiuroids from the North-East Pacific 645 Ocean: food web implications. Comp Biochem Physiol B Biochem Mol Biol.151(1), 646 79-87.647
Amaro et al. Nutritional ecology of deep-sea holothurians
19
648 Duineveld, G.C., Jeffreys, R.M., Lavaleye, M.S., Davies, A.J., Bergman, M.J., 649 Watmogh, T., Witbaard, R., 2012. Spatial and tidal variation in food supply to 650 shallow cold-water coral reefs of the Mingulay Reef complex (Outer Hebrides, 651 Scotland). Mar. Ecol. Prog. Ser. 444, 97-115.652653 Ginger, M.L., Billett, D.S.M., Mackenzie, K.L., Kirakoulakis, K., Neto, R.R., 654 Boardman, D.K., Santos, V.L.C.S., Horsfall, I.M., Wolff, G.A., 2001. Organic matter 655 assimilation and selective feeding by holothurians in the deep sea: some observations 656 and comments. Prog. Oceanogr. 50, 407–421.657658 Ginger, M.L., Santos, V.L.C.S., Wolff, G.A., 2000. A preliminary investigation of the 659 lipids of abyssal holothurians. Journal of the Marine Biological Association of the 660 United Kingdom 80, 139–146.661662 Glover, A.G.; Gooday, A.J.; Bailey, D.M.; Billett, D.S.M.; Chevaldonne, P.; Colaco, 663 A.; Copley, J.; Cuvelier, D.; Desbruyeres, D.; Kalogeropoulou, V.; Klages, M.; 664 Lampadariou, N.; Lejeusne, C.; Mestre, N.C.; Paterson, G.L.J.; Perez, T.; Ruhl, H.; 665 Sarrazin, J.; Soltwedel, T.; Soto, E.H.; Thatje, S.; Tselepides, A.; Van Gaever, S.; 666 Vanreusel, A., 2010. Temporal change in deep-sea benthic ecosystems: a review of 667 the evidence from recent time-series studies. Adv. Mar. Biol. 58, 1-95.668669 Iken K, Brey T, Wand U, Voigt J, 2001. Food web structure of the benthic 670 community at the Porcupine Abyssal Plain (NE Atlantic): a stable isotope analysis. 671 Progr Oceanogr 50, 383-405.672673 Jeffreys RM, Wolff GA, Cowie GL, 2009. Influence of oxygen on heterotrophic 674 reworking of sedimentary lipids at the Pakistan Margin. Deep-Sea Res II 56:358−375.675676 Jumars, P.A.,Mayer, L.M., Deming, J.W., Baross, J.A., Wheatcroft, R.A.,1990. Deep-677 sea deposit-feeding strategies suggested by environmental and feeding constraints 678 H. Charnock, et al. (Eds.), The Deep-Sea Bed: Its Physics, Chemistry and 679 Biology, Cambridge Univ. Press, 85-102.680681 Harwood, J.L., Russell, N.L., 1984. Lipids in Plants and Microorganisms. George 682 Allen and Unwin, London.683684 Harvey, H.R., Bradshaw, S.A., Ohara, S.C.M., Eglinton, G., Corner, 1988. Lipid 685 composition of the marine dinoflagellate Scrippsiella trochoidea. Phytochem 27: 686 1723-1729.687688 Hernandez-Sanchez, M.T., Holtvoeth, J., Mills, R.A., Fisher, E.H., Wolff, G.A., 689 Pancost, R.D., 2012. Signature of organic matter exported from naturally Fe-fertilised 690 oceanic waters. Deep Sea 490 Res. Part Oceanogr. Res. Pap. 65, 59–72. 691692 Hernandez-Sanchez, M.T., Venables, H.J., Mills, R.A., Wolff, G., Fisher, E.H., 693 Holtvoeth, J., Leng, M.J., Pancost, R.D., 2010. Productivity variation around the 694 Crozet Plateau: A naturally iron fertilized area of the Southern Ocean. Org. Geochem. 695 41, 767–778.696
Amaro et al. Nutritional ecology of deep-sea holothurians
20
697 Hudson, I.R., Pond, D.W., Billett, D.S.M., Tyler, P.A., Lampitt, R.S., Wolff, G.A., 698 2004. Temporal variations in fatty acid composition of deep-sea holothurians: 699 evidence of benthopelagic coupling. Marine Ecology Progress Series 281, 109–120. 700701 Hudson, I.R, Wigham, B.D., Billett, D.S.M., Tyler, P.A., 2003. Seasonality and 702 selectivity in the feeding ecology and reproductive biology of deep-sea holothurians. 703 Prog Oceanogr 59, 381–408.704705 Huffard, C.Ll, Kuhnz, L.A., Lemon, L., Sherman, A.D., Smith, K.L. , 2016. 706 Demographic indicators of change in a deposit-feeding abyssal holothurian 707 community (Station M, 4000 m). Deep-sea Res. 109, 27-39.708709 Kharlamenko, V. I., Maiorova, A. S., Ermolenko & E. V., 2018. Fatty acid 710 composition as an indicator of the trophic position of abyssal megabenthic deposit 711 feeders in the Kuril Basin of the Sea of Okhotsk. Deep-Sea Res. II 154, 374-382.712713 Kiriakoulakis, K., Blackbird, S., Ingels, J., Vanreusel, A., Wolff, G., 2011. Organic 714 geochemistry of submarine canyons: The Portuguese Margin. Deep-sea Res. 58, 715 2477-2488.716717 Kiriakoulakis K, Freiwald A, Fisher E, Wolff GA. 2007. Organic matter quality and 718 supply to deep-water coral/mound systems of the NW European Continental Margin. 719 Intern. Journal of Earth Sci. 96, 159-170.720721 Kiriakoulakis, K., Fischer, E., Wolff, G. A., Freiwald, A., Grehan, A., Roberts, J. M., 722 2005 Lipids and nitrogen isotopes of two deep-water corals from the North-East 723 Atlantic: initial results and implications for their nutrition. In: Freiwald A, Roberts JM 724 (eds) Cold water corals and ecosystems. Springer, Berlin, pp 715–729725726 Kiriakoulakis, K., Bett, B.J., White, M., Wolff, G.A., 2004. Organic biogeochemistry 727 of the Darwin Mounds, a deep-water coral ecosystem, of the NE Atlantic. Deep- Sea 728 Research I 51, 1937–1954.729730 Kiriakoulakis, K., Stutt, E., Rowland, S. J., Vangriesheim, A., Lampitt, R. S., Wolff, 731 G. A., 2001. Controls on the organic chemical composition of settling particles in the 732 Northeast Atlantic Ocean. Progr Oceanogr 50: 65-87733734 Korb, R.E., Whitehouse, M.J.,Gordon, M.,Ward, P., Poulton, A.J., 2010. Summer 735 microplankton community structure across the Scotia Sea: implications for biological 736 carbon export. Biogeosciences 7, 343–356.737738 LaFond, E. C. 1967. Movements of benthonic organisms and bottom currents as 739 measured from the bathyscaphe Trieste, in Deep Sea Photography, J. B. Hershey, ed., 740 Johns Hopkins Press, 295–302. 741 Loreau, M., de Mazancourt, C., 2013. Biodiversity and ecosystem stability: a 742 synthesis of underlying mechanisms. Ecol. Lett. 16, 106-115.743744 Lutz, M.J., Caldeira, K., Dunbar, R.B., Behrenfeld, M.J., 2007. Seasonal rhythms of 
Amaro et al. Nutritional ecology of deep-sea holothurians
21
745 net primary production and particulate organic carbon flux to depth describe the 746 efficiency of biological pump in the global ocean. Journal of Geophysical Research 747 112, C10011.748749 McArdle, B. H. and Anderson, M. J., 2001. Fitting multivariate models to community 750 data: a comment on distance-based redundancy analysis, Ecol., 82, 290–297.751752 McClain, C. and Barry, J., 2010. Habitat heterogeneity, disturbance, and productivity 753 work in concert to regulate biodiversity in deep submarine canyons, Ecol., 91(4), 754 964–976.755756 McCutchan, J. H. Jr., Lewis, W. M. Jr., Kendall, C., McGrath C. C., 2003. Variation 757 in trophic shift for stable isotope ratios of carbon, nitrogen, and sulfur. OIKOS 102, 758 378–390759760 Meyers, P. A., 1994. Preservation of elemental and isotopic source identification of 761 sedimentary organic matter, Chem. Geol. 114, 289–302.762763 Meziane, T., Tsuchiya, M., 2002. Organic matter in a subtropical mangrove-estuary 764 subjected to wastewater discharged: origin and utilization by two macrozoobenthic 765 species. J. Sea Res. 47, 1–11.766767 Michel, L., David, B., Dubois, P., Lepoint, G., De Ridder, C., 2016 Trophic plasticity 768 of Antarctic echinoids under contrasted environmental conditions. Polar Biol 39, 913–769 923.770771 Miller, J.; Smith, R.; Demaster, J.; Fornes, L., 2000. Feeding selectivity and rapid 772 particle processing by deep-sea megafaunal deposit feeders: A 234Th tracer. Journal of 773 Marine Research, 58(4): 653-673.774775 Minagawa, M., Wada, E., 1984. Stepwise enrichment of 15N along food chains: 776 further evidence and the relation between d15N and animal age. Geochim 777 Cosmochim Acta 48:1135–1140.778779 Mincks, S. L., Smith, C. R., Jeffreys, R. M., Sumida, P. Y.G., 2008. Trophic structure 780 on the West Antarctic Peninsula shelf: Detritivory and benthic inertia revealed by 781 delta C-13 and delta N-15 analysis. Deep-Sea Res II 55: 2502–2514.782783 Nakajima, R., Komuku, T., Yamakita, T., Lindsay, D. J., Jintsu-Uchifune, Y., 784 Watanabe, H., Tanaka, K., Shirayama, Y., Yamamoto, H. K., Fujikura, 2014. A new 785 method for estimating the area of the seafloor from oblique image taken by deep-sea 786 submersible survey platforms. JAMSTEC Report of Research and Development, 19: 787 59-66.788789 Neto, R. R., Wolff, G., A., Billett, D. S.M. Mackenziea, K. L., Thompson, A., 2006 790 The influence of changing food supply on the lipid biochemistry of deep-sea 791 holothurians. Deep-Sea Research I, 53, 516–527.792
Amaro et al. Nutritional ecology of deep-sea holothurians
22
793 Nomaki, H., Ogawa, N., Ohkouchi, N., Suga, H., Toyofuku, T., et al., 2008. Benthic 794 foraminifera as trophic links between phytodetritus and benthic metazoans: carbon 795 and nitrogen isotopic evidence. Mar Ecol Prog Ser 357: 153–164796797 Nomaki, H., Ohkouchi, N., Heinz, P., Suga, H., Chikaraishi, Y., Ogawa, N.O., 798 Matsumoto, K., and Kitazato, H., 2009. Degradation of algal lipids by deep-sea 799 benthic foraminifera: an in situ tracer experiment. Deep-Sea Research I, 56, 1488–800 1503.801802 Ogawa, N. O., Nagata, T., Kitazato, H., Ohkouchi, N., 2010. Ultra-sensitive elemental 803 analyzer/isotope ratio mass spectrometer for stable nitrogen and carbon isotope 804 analyses. In: Ohkouchi N, Tayasu I, Koba K (ed) Earth, life and isotopes. Kyoto 805 University Press, Kyoto, pp 339–353.806807 Parrish, C. C., Abrajano, T., A., Budge, S., M., Helleur, R., J., Hudson, E., D., 808 Pulchan, K., Ramos, C., 2000. Lipid and phenolic biomarkers in marine ecosystems: 809 analysis and applications. In: Wangersky P (ed) The Handbook of Environmental 810 Chemistry. Part D. Marine Chemistry. Springer, Berlin Heidelberg, pp 193-223811812 Parzanini, C., Parrish, C.C., Hamel, J-F., Mercier, A., 2018. Functional diversity and 813 nutritional content in a deep-sea faunal assemblage through total lipid, lipid class, and 814 fatty acid analyses. PLoS ONE 13(11), e0207395.815816 Pfannkuche, 0., Thiel, H., 1987. Meiobenthic stocks and benthic activity on the NE-817 Svalbard Shelf and in the Nansen Basin. Polar Biol. 7, 253-266.818819 Pusceddu, A., Dell’Anno, A., Fabiano, M., and Danovaro, R., 2009. Quantity and 820 bioavailability of sediment organic matter as signatures of benthic trophic status, Mar. 821 Ecol. Prog. Ser., 375, 41–52.822823 Ramirez-Llodra, E., Reid, W.D.K., Billett, D.S.M., 2005. Long-term changes in 824 reproductive patterns of the holothurian Oneirophanta mutabilis from the Porcupine 825 Abyssal Plain. Mar. Biol. 146(4), 683–693.826827 Raubenheimer, D., Simpson, S. J., 2004. Organismal stoichiometry: quantifying non-828 independence among food components. Ecology 85: 1203–1216.829830 Roberts, D., Gebruk, A., Levin, V., Manship, B. A. D., 2000. Feeding and digestive 831 strategies in deposit-feeding holothurians. Oceanogr Mar Biol Annu Rev 38:257–310.832833 Ruhl, H.A., Smith, K.L., 2004. Shifts in deep-sea community structure linked to 834 climate and food supply. Science 305, 513–515.835836 Santos, V., Billett, D.S.M., Rice, A.L., Wolff, G.A., 1994. Organic matter in deep-sea 837 sediments from the Porcupine Abyssal Plain in the north-east Atlantic Ocean. I-838 Lipids. Deep-Sea Research I 41, 787–819.839840 Sargent, J. R., Parkes, R. J., Mueller-Harvey, I., Henderson, R. J., 1987. Lipid 841 biomarkers in marine ecology. In: Sleigh MA (ed) Microbes in the Sea. Wiley and 842 Sons, New York, pp 119-138.
Amaro et al. Nutritional ecology of deep-sea holothurians
23
843844 Sibuet, M., 1984. Deposit-feeding invertebrates in the deepsea ecosystem. Selectivity 845 in feeding and diet of holothurians. Oceanis 10, 623–876.846847 Sibuet, M., Khripounoff, A., Deming, J., Colwell, R., Dinet, A., 1982. Modification 848 of the gut contents in the digestive tract of abyssal holothurians. In: Lawrence, J.M. 849 (Ed.), Proceedings of the International Echinoderm Conference. Tampa Bay. 850 Balkema, Rotterdam, pp. 421–428.851852 Smallwood, B. J., Bett, B. J., Smith, C. R., Gage, J. D., Patience, A., Hoover, D., and 853 Wolff, G. A., 1999. Megafauna can control the quality of organic matter in marine 854 sediments, Naturwissenschaften 86(7), 320–324.855856 Smith, K.L., Ruhl, H. A, Bett, B., Billett, D.S.M, Lampitt, R. S., Kaufmann, R. S., 857 2009. Climate, carbon cycling, and deep-ocean ecosystems.Proceedings of the 858 National Academy of Sciences 106 (46), 19211–19218.859860 Smith, C. R., De Leo, F. C., Bernardino, A. F., et al., 2008. Abyssal food limitation, 861 ecosystem structure and climate change. Trends Ecol Evol 23, 518–528.862863 Smith, K. L., Baldwin, R. J., and Ruhl, H. A., 2006. Climate effect on food supply to 864 depths greater than 4000 meters in the northeast Pacific, Limnol. Oceanog., 51, 166–865 176.866867 Smith, K.L., & Kaufmann, R. S., 1999. Long-term discrepancy between food supply 868 and demand in the deep eastern north Pacific. Science, 284, 1174–1177.869870 Smith, A., Matthiopoulos, J., Priede, I.G., 1997. Areal coverage of the ocean floor by 871 the deep-sea elasipodid holothurian Oneirophanta mutabilis: estimates using 872 systematic, random and directional search strategy simulations. Deep-Sea Res I 873 44:477–486.874875 Tilman, F. Isbell, J. Cowles, M., 2014. Biodiversity and ecosystem functioning. Annu. 876 Rev. Ecol. Evol. S. 45, 471-493.877878 Tselepides, A., Polychronaki, T., Marrale, D., Akoumianaki, I., Dell’Anno, A., 879 Pusceddu, A., and Danovaro, R., 2000. Organic matter composition of the continental 880 shelf and bathyal sediments of the Creta Sea (NE Mediterranean), Prog. Oceanogr. 881 46, 311–344.882883 Vander Zanden, M. J., Rasmussen, J. B., 2001. Variation in δ15N and δ13C trophic 884 fractionation: Implications for aquatic food web studies. Limnol Oceanogr 46: 2061–885 2066.886887 Virtue, P., Mayzaud, P., Albessard, E., Nichols, P., 2000. Use of fatty acids as dietary 888 indicators in northern krill, Meganyctiphanes norvegica, from northeastern Atlantic, 889 Kattegat, and Mediterranean waters. Can J Fish Aquat Sci 57: 104–114.890
Amaro et al. Nutritional ecology of deep-sea holothurians
24
891 Volkman, J. K, Jeffrey, S. W., Nichols, P. D., Rogers, G. I., Garland, C. D., 1989. 892 Fatty-acid and lipid-composition of 10 species of microalgae used in mariculture. J 893 Exp Mar Biol Ecol 128: 219-240.894895 Wigham, B. D., Hudson, I. R., Billett, D. S. M., Wolff, G. A., 2003. Is long-term 896 change in the abyssal northeast Atlantic driven by qualitative changes in export flux? 897 Evidence from selective feeding in deep-sea holothurians. Prog Oceanogr 59:409–898 441.899900 Witbaard, R., Duineveld, G. C. A., Bergman, M., 2001. The effect of tidal 901 resuspension on benthic food quality in the southern North Sea. Senckenb Marit 902 31:225–234.903904 Wolff, G.A., Billett, D.S.M., Bett, B.J., Holtvoeth, J., FitzGeorge-Balfour, T., Fisher, 905 E.H., Cross, I., Shannon, R., Salter, I., Boorman, B., King, N.J., Jamieson, A. and 906 Chaillan, F., 2011.The Effects of Natural Iron Fertilisation on Deep-Sea Ecology: The 907 Crozet Plateau, Southern Indian Ocean. PLoS ONE 6(6): e20697. 
Amaro et al. Nutritional ecology of deep-sea holothurians 
1
1 Legends to Figures23 Figure 1. Bathymetry map of the 2 different locations (1ºN-01º15’N, 163º15’E, 4277-4 m depth; 39ºN-39º00’ N, 146º00’E, 5260-m depth) in the Western North Pacific 5 (Table 1). 67 Figure 2. Seafloor images of both regions located at the western North Pacific: a, and 8 b represent 1ºN; c and d represent 39ºN.910 Figure 3. Concentration of A) total phytopigments, carbohydrates, proteins and lipids 11 and B) % contributions of biopolymeric carbon in the surface sediments. 1213 Figure 4. Diagnostic of the lipid indices in the holothurians tissue at A) 1ºN and B) 14 39ºN.15 See Table a-f, Appendix I, II and Material and Methods for explanation of indices.1617 Figure 5. MDS plot of lipid indices (phytoplankton, zooplankton and bacterial fatty 18 acids) in the holothurians tissue at 1ºN (A) and 39ºN (B). 1920 Figure 6. Carbon and nitrogen isotopic compositions of surface sediments and 21 holothurians. Reported are averaged values for the sediment and holothurians tissue at 22 both stations (1ºN, 39ºN).2324 Figure 7. Average C/N ratios from the first 1 cm depth of sediment and holothurians 25 tissue at both stations (1ºN, 39ºN).2627282930
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1Table 1 – Details of the five independent transects made for each location studied in 
the western Pacific Ocean. 
Location Dive Cruise Latitude (start) Longitude (start) Latitude (end) Longitude end) Areaanalised(ha) Depthrange(m)
1367 YK1309 1º15'07''N 163º14'87''E 1º14'99''N 163º14'75''E 0.221 4277
1oN 1368 Y1309 1º15'08''N 163º14'75''E 1º15'02''N 163º14'96''E 0.176 4277
1375 Y1312 1º15'07''N 163º14'69''E 1º14'88''N 163º14'99''E 0.493 4278
1395 YK1412 39º0'08''N 146º0'40''E 38º59'97''N 146º0'22''E 0.272 5260
39oN 1396 YK1412 39º0'10''N 146º0'22''E 38º59'63''N 146º0'04''E 0.345 5260
Table 2 – Holothurian samples collected at the 1ºN and 39ºN in the western Pacific 
Ocean.
Location Species Order Number
Deima validum Elasipodida 3
1ºN Psychropotes longicauda Elasipodida 3
Pseudostichopus trachus Aspidochirotida 3
Scotoplanes globosa Elasipodida 14
39ºN Psychropotes longicauda Elasipodida 1Table 3 – Mean total organic carbon (TOC), mean total nitrogen (TN) as % in surface sediments (0-5 cm) and mean molar C/N for both 1ºN and 39ºN.
TOC TN C/N
1ºN 1.05 (0.19) 0.18 (0.03) 5.87 (0.23)
39ºN 1.28 (0.11) 0.18 (0.02) 6.98 (0.15)Table 4 – Total megafauna and holothurian abundances for each transect made at each location studied. Average % of holothurians is also represented.
Location Dive Cruise Average_megafauna Average_holothurians Average_% holothurians
1367 YK1309 54.5 (27.4) 40.2 (27.4) 70.9 (26.3)
1ºN 1368 YK1309
1375 YK1312
1395 YK1412 2144.4 (593.4) 1433.8 (593.4) 67.7 (3.8)
39ºN 1396 YK1412
Units – Individuals/ha; standard deviation in parentheses.
Table 5 – Mean total concentrations of lipids for holothurians from a) 1ºN and b) 
39ºN.
a) 
MUFAs PUFAs Sat._FAMES  Sterols Alcohol
D. validum 198.93 (125.99) 864.20 (494.41) 98.16 (40.72) 6468.39 (2435.17) 6.92 (8.08)
P. longicauda 2832.47 (3497.95) 2048.53 (1492.87) 1268.67 (1012.55) 5344.43 (6634.55) 39.96 (43.59)
P. trachus 500.92 (747.22) 1100.50 (1577.81) 680.19 (942.80) 3033.80 (2628.29) 2.01 (1.74)  
Units - μg. g-1 of dry tissue; n = 3, standard deviation in parentheses.
b)
MUFAs PUFAs Sat._FAMES  Sterols Alcohol
 S. globosa 2022.41 (1557.57) 1910.53 (960.32) 530.65 (323.51) 4641.98 (2289.80) 36.45 (34.32)
P. longicauda 31.60 39.21 21.56 887.00 5.87
Units - μg. g-1 of dry tissue; n = 14, standard deviation in parentheses for S. globosa, but n=1 for P. 
longicauda.
1Appendix S1
Table a - Total unsaturated FAMES of dry tissue for holothurians from 1ºN. Results 
are presented as mean % ± Stdev of the total lipids; n=3.
Compound D. validum P. longicauda P. trachus
C14:1 0.00 (0.00) 0.00 (0.00) 0.07 (0.12)
C16:2 0.01 (0.01) 0.00 (0.00) 0.62 (1.08)
C16:1 0.03 (0.02) 2.14 (2.81) 1.73 (2.41)
C17:1 0.01 (0.01) 5.50 (7.23) 0.19 (0.33)
C18:2 0.01 (0.01) 0.00 (0.00) 0.28 (0.47)
C18:1 0.14 (0.13) 1.12 (0.38) 1.64 (1.42)
C19:2 0.00 (0.00) 0.00 (0.00) 0.03 (0.05)
C19:1 0.09 (0.13) 0.00 (0.00) 0.16 (0.28)
C20:6 0.00 (0.00) 0.33 (0.58) 0.00 (0.00)
C20:5 2.09 (1.73) 3.15 (4.44) 0.22 (0.37)
 C20:4 5.96 (1.45) 8.65 (6.82) 12.01 (8.72)
C20:3 0.09 (0.16) 2.75 (3.72) 0.09 (0.15)
C20:2 0.12 (0.13) 1.97 (2.88) 0.50 (0.55)
C20:1 2.12 (3.41) 5.42 (8.34) 1.01 (1.25)
C21:4 1.41 (0.67) 0.34 (0.58) 2.39 (1.51)
C21:1 0.02 (0.03) 3.42 (5.92) 0.15 (0.26)
C22:6 0.00 (0.00) 0.21 (0.19) 0.00 (0.00)
C22:5 0.00 (0.00) 0.05 (0.09) 0.00 (0.00)
C22:4 0.89 (0.79) 1.63 (0.15) 1.90 (2.71)
C22:3 0.03 (0.05) 0.00 (0.00) 0.00 (0.00)
C22:2 0.00 (0.00) 0.05 (0.09) 0.00 (0.00)
C22:1 0.13 (0.09) 0.92 (0.86) 1.34 (1.26)
C23:4 0.00 (0.00) 0.06 (0.10) 0.00 (0.00)
C23:2 0.00 (0.00) 0.92 (1.60) 0.00 (0.00)
C23:1 0.74 (0.27) 0.68 (0.63) 2.01 (2.33)
C24:2 0.00 (0.00) 0.21 (0.36) 0.00 (0.00)
C24:1 0.11 (0.12) 0.31 (0.44) 0.77 (0.66)
co eluting C25:1 and C25 sat-fa0.02(0.04) 0.09 (0.16) 0.00 (0.00)
Unknown 0.00 (0.00) 1.31 (1.14) 0.00 (0.00)
2Table b - Total saturated and branched (iso/anteiso) FAMES of dry tissue for 
holothurians from 1ºN. Results are presented as mean % ± Stdev of the total lipids; 
n=3.
Compound D. validum P. longicauda P. trachus
C14:0 i 0.00 (0.00) 0.13 (0.21) 0.15 (0.06)
C14:0 a 0.00 (0.01) 0.00 (0.00) 0.00 (0.00)
C14:0 0.00 (0.01) 4.48 (5.94) 0.14 (0.19)
C15:0 i 0.02 (0.01) 0.03 (0.05) 0.35 (0.13)
C15:0 a 0.05 (0.02) 0.18 (0.18) 0.68 (0.92)
C15:0 0.00 (0.02) 1.02 (1.74) 0.29 (0.46)
C16:0 i 0.12 (0.14) 0.47 (0.48) 0.52 (0.74)
C16:0 a 0.02 (0.04) 0.00 (0.00) 0.03 (0.05)
C16:0 0.04 (0.03) 1.96 (1.33) 1.33 (0.82)
C17:0 i 0.01 (0.02) 0.08 (0.07) 0.27 (0.25)
C17:0 a 0.04 (0.03) 0.03 (0.05) 0.04 (0.07)
C17:0 0.09 (0.07) 1.36 (1.96) 0.42 (0.59)
C18:0 i 0.02 (0.01) 0.00 (0.00) 0.06 (0.10)
C18:0 0.52 (0.62) 3.24 (4.24) 4.04 (6.28)
C19:0 0.13 (0.09) 0.35 (0.51) 0.34 (0.31)
C20:0 0.16 (0.15) 0.27 (0.34) 0.09 (0.16)
C21:0 0.17 (0.26) 0.43 (0.73) 0.00 (0.00)
C22:0 0.08 (0.12) 0.01 (0.17) 0.00 (0.00)
C23:0 0.01 (0.01) 6.94 (12.02) 0.00 (0.00)
C24:0 0.12 (0.16) 0.00 (0.00) 0.02 (0.03)
Unknown 0.00 (0.00) 0.00 (0.00) 0.00 (0.00)
3Table c – Total mean sterol percentages of dry tissue for holothurians from 1ºN. 
Results are presented as mean % ± Stdev of the total lipids; n=3.
Compound D. validum P. longicauda P. trachus
C27 Δ5,22 0.06 (0.10) 0.57 (0.57) 0.00 (0.00)
C27 Δ22 0.70 (0.20) 0.23 (0.20) 0.00 (0.00)
C27 Δ5 1.95 (1.37) 1.41 (0.38) 5.16 (3.98)
C27 Δ5,24 1.04 (0.55) 1.05 (0.93) 3.01 (4.26)
C27 Δ7 10.49 (14.11) 3.00 (0.93) 1.96 (2.77)
C27 Δ0 4.70 (1.19) 0.59 (0.75) 1.40 (0.23)
C28 Δ22 0.88 (0.79) 1.19 (1.14) 2.40 (3.40)
C28 Δ5,22 0.80 (1.38) 0.16 (0.28) 0.00 (0.00)
C28 Δ5,24 0.67 (0.90) 0.00 (0.00) 0.12 (0.18)
C28 Δ5 2.47 (2.34) 0.57 (0.99) 10.44 (12.64)
4MeC28 Δ0 0.62 (0.16) 0.14 (0.24) 0.40 (0.57)
C29 Δ5 2.14 (2.09) 0.63 (0.55) 2.03 (2.87)
C29 Δ7 12.26 (5.16) 3.11 (1.59) 7.70 (1.52)
C29 Δ0 45.47 (8.72) 24.33 (13.26) 44.62 (16.20)
Table d - Total alcohol percentages of dry tissue for holothurians from 1ºN. Results 
are presented as mean % ± Stdev of the total lipids; n=3.
Compound D. validum P. longicauda P. trachus
C16:0 0.03 (0.03) 0.65 (0.92) 0.12 (0.16)
C18:0 0.03 (0.04) 0.07 (0.10) 0.06 (0.11)
C20:0 0.04 (0.08) 0.00 (0.00) 0.00 (0.00)
C24:0 0.03 (0.05) 0.00 (0.00) 0.00 (0.00)
Appendix S2
Table a - Total unsaturated FAMES of dry tissue for holothurians from 39ºN. Results are presented as 
mean % ± Stdev of the total lipids; n=14 for S. globosa and n=1 for P. longicauda.
Compound S. globosa P. longicauda
C14:1 0.12 (0.39) 0.00
C15:2 0.01 (0.02) 0.00
C15:1 0.02 (0.04) 0.00
C16:4 0.05 (0.17) 0.00
C16:3 0.28 (1.05) 0.00
C16:2 0.32 (0.83) 0.00
C16:1 4.31 (4.76) 0.38
C17:2 0.00 (0.01) 0.01
C17:1 0.18 (0.33) 0.00
C18:4 0.10 (0.29) 0.00
C18:3 0.03 (0.07) 0.00
C18:2 0.35 (0.53) 0.04
C18:1 2.65 (2.24) 1.66
branched C19:0?+mufa 0.05 (0.14) 0.00
C19:5 0.01 (0.05) 0.00
C19:4 0.00 (0.01) 0.00
C19:2 0.34 (1.27) 0.00
C19:1 0.12 (0.20) 0.00
C20:5 9.53 (7.48) 3.45
 C20:4 5.37 (3.70) 0.48
C20:3 0.48 (1.50) 0.00
C20:2 0.39 (0.24) 0.00
C20:1 5.22 (9.58) 0.00
C21:5 0.06 (0.13) 0.00
C21:4 0.64 (0.61) 0.00
C21:1 2.40 (4.44) 0.06
C22:6 2.36 (2.80) 0.00
C22:5 0.80 (1.46) 0.00
C22:4 0.49 (1.83) 0.00
C22:3 0.39 (1.46) 0.00
C22:2 0.00 (0.00) 0.00
C22:1 2.87 (1.94) 0.48
C23:5 0.00 (0.01) 0.00
C23:1 1.26 (0.73) 0.33
C24:2 0.53 (0.82) 0.00
C24:1 1.49 (1.80) 0.28
co eluting C25:1 and C25 sat-fa0.03 (0.07) 0.00
Unknown 2.03 (4.29) 0.00
Table b - Total saturated and branched (iso/anteiso) FAMES of dry tissue for holothurians from 39ºN. 
Results are presented as mean % ± Stdev of the total lipids; n=14 for S. globosa and n=1 for P. 
longicauda.
Compound S. globosa P. longicauda
C14:0 i 0.01 (0.29) 0.00
C14:0 a 0.03 (0.11) 0.00
C14:0 0.46 (0.55) 0.03
C15:0 i 0.14 (0.15) 0.00
C15:0 a 0.12 (0.17) 0.00
C15:0 0.43 (0.48) 0.05
C16:0 i 0.29 (0.56) 0.00
C16:0 a 0.22 (0.80) 0.00
C16:0 1.69 (2.07) 1.25
C17:0 i 0.03 (0.07) 0.00
C17:0 a 0.19 (0.58) 0.00
C17:0 0.31 (0.35) 0.06
C18:0 i 0.01 (0.01) 0.00
C18:0 0.62 (0.43) 0.62
C19:0 0.45 (1.08) 0.06
C20:0 0.30 (0.17) 0.02
C21:0 0.13 (0.38) 0.10
C22:0 0.22 (0.58) 0.00
C23:0 0.01 (0.02) 0.00
C24:0 0.06 (0.14) 0.00
Unknown 0.15 (0.46) 0.00
Table c – Total sterol composition of dry tissue for holothurians from 39ºN. Results are presented as 
mean % ± Stdev of the total lipids; n=14 for S. globosa and n=1 for P. longicauda.
Compound S. globosa P. longicauda
C27 Δ5,22 0.72 (1.68) 1.23
C27 Δ22 1.55 (1.91) 3.24
C27 Δ5 4.16 (2.55) 9.93
C27 Δ5,24 1.87 (2.36) 2.22
C27 Δ7 4.56 (7.67) 0.00
C27 Δ0 2.88 (1.59) 6.05
C28 Δ22 1.70 (1.42) 16.91
C28 Δ5,22 1.95 (1.46) 3.87
C28 Δ5,24 1.98 (1.48) 0.00
C28 Δ5 2.03 (1.79) 2.96
4MeC28 Δ0 1.58 (3.11) 8.01
C28 Δ0 0.18 (0.69) 0.00
C29 Δ5 1.77 (3.15) 0.00
C29 Δ7 1.91 (0.96) 15.29
C29 Δ0 19.23 (7.82) 20.31
C29 Δ5,22 0.16 (0.32) 0.00
Table d - Total alcohol of dry tissue for holothurians from 39ºN. Results are presented as mean %± 
Stdev of the total lipids; n=14 for S. globosa and n=1 for P. longicauda.
Compound S. globosa P. longicauda
C16:0 0.25 (0.37) 0.33
C18:0 0.23 (0.34) 0.23
C19:0 0.00 (0.01) 0.00
C20:0 0.02 (0.04) 0.03
Appendix S3
Table a - Tests carried out to ascertain differences in the concentrations of the main 
indices (phytoplankton, zooplankton and bacterial fatty acids) in the two regions 
studied; DF = degrees of freedom, SS = sum of squares; MS = mean square; F = F 
statistic; P = probability level; *** = P <0.001; ns = not significant; na = not 
applicable.
 PERMANOVA
Source df     SS     MS Pseudo-F P(perm)  perms
Indices /stations 1 46.515 46.515   8.8087 *** 999
Res 22 116.17 5.2806
Total 23 162.69     
Table b - SIMPER analyses of the dissimilarity between the stations with respect to 
diagnostic lipid indices. The % contribution by each index to the dissimilarity is listed 
in the last column.




Table c- SIMPER analyses of the similarity in 1ºN (a) and 39ºN (b) with respect to 
diagnostic lipid indices. The % contribution by each index to the dissimilarity is listed 
in the last column.
a)
Lipid index Contribution %
Bacteria 74.79
Zooplankton 19.88b)




Table d - Results of the Kruskal-Wallis ANOVA (a) tests carried out to ascertain 
differences in the C:N of sediment and in the tissue of the holothurians: dF =degrees 




sediment 13.545 1 ***
Holothurian 0.007 1 n.s
